Abstract
Transition metal dichalcogenide (TMDC) monolayers are considered to be potential materials for atomically thin electronics due to their unique electronic and optical properties. However, large-area and uniform growth of TMDC monolayers with large grain sizes is still a considerable challenge. This report presents a simple but effective approach for large-scale and highly-crystalline molybdenum disulfide monolayers using a solution-processed precursor deposition. The low supersaturation level, triggered by the evaporation of an extremely thin precursor layer, reduces the nucleation density dramatically under a thermodynamically stable condition, yielding uniform and clean monolayer films and large crystal sizes up to 500 μm. As a result, the photoluminescence exhibits only a small full-width-half-maximum of 48 meV, comparable to that of exfoliated and suspended monolayer crystals. It is confirmed that this growth procedure can be extended to the synthesis of other TMDC monolayers, and robust MoS2/WS2 heterojunction devices have been easily prepared using this synthetic procedure due to the large-sized crystals. The heterojunction device shows a fast response time (~45 ms) and a significantly high photoresponsivity (~40 AW -1 ) because of the built-in potential and the majority carrier transport at the n-n junction. These findings indicate an efficient pathway for the fabrication of high-performance two-dimensional optoelectronic devices.
Atomically thin transition metal dichalcogenides (TMDCs) have drawn tremendous attention due to their great potential in a range of nanoelectronic devices such as transistors, [1] [2] [3] [4] photodetectors, [5] [6] [7] [8] and memory elements. [9] [10] [11] [12] It has been known that the electrical and optical properties of TMDC devices are influenced by the number of layers and the grain boundaries. [13] [14] [15] [16] Accordingly, numerous studies have focused on developing scalable synthetic schemes for the production of TMDC monolayer films with large-sized crystals, using a variety of growth techniques such as thermolysis, [17] [18] [19] pulsed laser deposition, [20] [21] [22] the sulfurization of metal or metal oxide films, [23] [24] [25] and chemical vapor deposition (CVD) . [16, [26] [27] [28] Among these methods, CVD has been shown to be the most practical method for synthesizing highly-crystalline TMDC monolayers, exhibiting relatively good optical and electrical properties. [16, 29] However, it is still a challenge to grow large-scale TMDC monolayer films with a large single-crystalline domain size that is suitable for practical devices.
Most of the CVD processes used for growing TMDC monolayers have involved the use of a solid transition metal oxide powder as a precursor (e.g. MoO3), and it has been shown that controlling the nucleation reaction at the initial growth stage is one of the important factors for obtaining a large domain size. [26, [30] [31] For example, some research groups have tried to induce nucleation and growth by placing the growth substrate upside down directly towards the MoO3 powder. [16, 26, [32] [33] [34] With this powder-based approach, however, it is not easy to obtain a uniform large-area monolayer film reproducibly because of the limited control over the nucleation density, resulting from fast kinetic reactions at a high temperature, and the non-uniform distribution of the MoO3 powder. As a result, clean monolayer crystals tend to grow only in a specific area where the MoO3 vapor concentration is relatively low (e.g. at the sides of the substrates). [16, 33, 35] For this reason, there have been many alternative attempts to control the nucleation density by placing the growth substrate away from the precursor, [30, [36] [37] [38] [39] [40] or adjusting oxygen flow, [41] argon flow, [42] growth temperature, [43] [44] and the furnace position during the 3 growth process. [31] However, they all have resulted in a non-uniform and position-dependent crystal quality, a relatively small crystal size, low coverage, or a contaminated film. From this perspective, it is highly desirable to develop a new growth protocol in order to achieve precise control over the nucleation density even at a high temperature for synthesizing large-scale, high crystalline, and uniform TMDC monolayers.
Here we present a novel method to synthesize a uniform, large-area TMDC monolayer film with large-sized single-crystal grains via solution-processed precursor deposition. Using this method, a thin precursor film with an extremely small amount of MoO3 (~0.01 mg) has been prepared on the source substrate, which induces low supersaturation and hence reduces nucleation density dramatically down to 32 nuclei mm -2 over the whole substrate surface under the thermodynamically stable condition even at a high temperature around 800°C. As a result, a highly-crystalline and centimeter-scale MoS2 monolayer has been grown directly on the SiO2
substrates, and single crystals with a large size up to 500 μm have been easily observed over the substrate. We find that the TMDC monolayer possesses an excellent optical quality with a very small full-width-half-maximum (FWHM) of ~48 meV, which is comparable to or even better than that of exfoliated and suspended single crystal TMDC monolayers. It is also confirmed that our growth strategy can be extended to the growth of other TMDC monolayers such as WS2, and that it can be used to fabricate robust TMDC heterostructure devices due to the large crystal size. The MoS2/WS2 heterostructure devices, based on our synthesis, show rectifying properties and exhibit a faster photoresponse of ~45 ms than that observed for single TMDC monolayer photodetectors because of a built-in potential at the heterojunction. In addition, a considerably higher photoresponsivity of ~40 AW -1 , compared to the minoritycarrier dominant p-n junction devices using TMDC monolayers, is achieved due to the high photogain from the majority carrier transport of the unipolar n-n heterojunction.
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The synthesis of the MoS2 monolayer was performed by using MoO3 and sulfur as the precursors. Instead of using a solid powder precursor, we devised an easy and economical method for solution-processed precursor deposition so as to induce a relatively very low supersaturation state from the vapor reactants, leading to a reduced nucleation density, which is essential for large-sized crystal growth. [45] [46] MoO3 powder rarely dissolves in water and exhibits a white opaque color, however, it is highly soluble in ammonium hydroxide (NH4OH) (Figure 1a) . The dissolved precursor solution in NH4OH was then spincoated on the SiO2 substrate ( Figure 1b) . Figure 1c and Figure S1a clearly show that the deposited MoO3 film exhibits a uniform and single color contrast in comparison with the blank SiO2 substrate. The roughness of the film was less than 1 nm, which indicates the formation of a uniform film thickness ( Figure S1b ). The weight of the deposited film was calculated to be ~0.01 mg from the thickness measured by atomic force microscopy (AFM) and the density of MoO3 ( Figure   S1c ,d). It is worth noting that the amount of MoO3 precursor in our work was 2-3 order of magnitude lower and much more uniformly distributed than that of solid precursors that are typically used in other reports, [16, 30] which makes the precursor vapor concentration significantly low during the growth.
The CVD process was conducted in a quartz tube using a furnace under atmospheric pressure as shown in Figure 1d . The growth temperature was raised to 800°C, much higher than that used in previous reports, [16, 26, 28, 47] in order to maximize the crystal size compared to lower temperature growth ( Figure S2 ). The sublimed sulfur was transported downstream by the Ar carrier gas, and then sulfurized precursor molecules induce a supersaturation state around the substrate, which results in the nucleation of MoS2. At this stage, it is important to note that the extremely small amount of precursor in the solution-processed thin film makes the supersaturation level significantly low near the substrate, which leads to a very low nucleation density on the surface (Figure 1e ). With the significantly low nucleation density, the growth of the MoS2 monolayer diffuses extensively along the surface with little disturbance from neighboring crystals. As a result, a uniform centimeter-scale MoS2 monolayer film has been obtained with a growth time of 5 min as shown in Figure 1f . While the continuous MoS2 monolayer film was found on the center of the substrate (Figure 1g ), large triangular crystals with a size ranging from 200 to 400 μm were found to meet each other to form interconnected shapes on the edges of the substrate where the flow of the precursor was not sufficient ( Figure   1h ). The size of the largest triangular crystals reached up to 500 μm ( Figure 1i ).
To identify whether the crystal size could be enlarged, we increased the growth time up to 30 min ( Figure S3 ). However, the size of the crystals observed on the edge was almost within the same range as those grown for 5 min. Interestingly, the monolayer film was rarely contaminated by additional nucleation or growth upon the crystals even during the relatively long growth time. Furthermore, the grain size was also similar to that of the crystals on the edge, even though grain boundaries were observed in some parts of the film, which might be associated with a grain boundary uplifting phenomenon frequently found when using long growth times or high precursor concentration. [48] These results indicate that our growth process was almost completed within a 5 min period, without any overgrowth due to a small precursor supply, therefore, the crystals were rarely contaminated by the additional growth time even at the center of the substrate where the supersaturation level is expected to be at its highest. On the contrary, when a powder MoO3 precursor (10 mg) was used for the growth, noticeable contamination was found at the center of the substrate by the bombardment of small particles that nucleated on the surface of the crystals ( Figure S4 ). Collectively, these results show that our growth method is insensitive to the growth time, which can be advantageous for practical applications.
The quality of the monolayer MoS2 film was characterized by AFM, Raman spectroscopy, and Photoluminescence (PL) spectroscopy. Figure 2b ), which is a clear signature of a monolayer of MoS2. It is well-known that the quality of the crystal can be clearly assessed using PL measurements. Figure 2c shows the PL intensity normalized to the intensity of the A1g Raman peak. Noticeably, the PL intensity of the monolayer grown from the solution-processed precursor deposition is more than 35 times more intense than that observed for the monolayer fabricated using the solid powder-based growth process ( Figure S5 ). The FWHM was found to be as small as 48 meV, which is similar to or in some cases better than that of exfoliated and suspended crystals. [13, 49] The distinct difference in optical properties can be explained by the additional nucleation and crystal growth, which can be easily initiated under a high supersaturation condition when using a relatively large amount of precursor. [29, [31] [32] 50] However, with an extremely small amount of precursor, a continuous crystal growth is preferred instead of multiple nucleation sites because the low supersaturation level limits additional nucleation processes. Therefore, the crystals grown in a low supersaturation environment exhibit a very clean surface, and that is why they show much clearer and sharper spectra in the Raman and PL measurements, which is indicative of a highquality monolayer. Figure 2d also reinforces this finding as it shows the Raman mapping images for the E 1 2g and A1g peak along with a PL mapping image at 667 nm, highlighting that a single crystal exhibits a good uniformity.
Furthermore, to assess the homogeneity of the MoS2 monolayer film over the whole substrate, Raman spectra were also taken at 50 different locations on the substrate (inset of Figure 2e ).
The statistical values as a function of position were plotted in Figure 2e eV over the entire substrate, and the FWHM did not change from the 50 meV value. These results clearly highlight the uniformity of our monolayer film over the entire substrate.
The crystal structure of the MoS2 monolayer was observed directly using high-resolution TEM, selected area electron diffraction (SAED), and annular dark-filed scanning transmission electron microscopy (ADF-STEM). The MoS2 crystals transferred on a gold grid show the clear surface and well-organized honeycomb structure, and the corresponding hexagonal symmetrical SAED pattern confirms that the MoS2 sample is indeed a single-crystal ( Figure   2g ). The ADF-STEM image also clearly shows the atomic model of MoS2 along with the spatial distribution of the Mo and S atoms (Figure 2h ). These findings also suggest that our sample has been grown with a high crystalline quality.
To further investigate the effect of the supersaturation level on the monolayer growth, the synthesis was carried out with various solution-processed precursor films deposited using different concentrations of the MoO3 solution. The growth process was performed using a similar process to that described above, except that the growth time was reduced to 3 min to investigate the grain size more clearly before the crystals merge with each other. By controlling the precursor amount from 0.001 to 1 mg, we clearly observed the effect of the supersaturation level on the nucleation density and the grain size. crystals with a size ranging from 10 to 30 μm were found to be distributed very sparsely over the substrate, and the nucleation density was found to be only 9 mm -2 ( Figure 3f ). As the precursor amount increased to 0.01 mg, the nucleation density and the average crystal size also gradually rose to ~32 mm -2 and ~300 μm, respectively. However, this growth trend was significantly altered above a precursor amount of 0.01 mg. The crystal size was reduced to 30 μm when the precursor amount was increased to 0.1 mg, yet the nucleation density was found 8 to be very high, greater than 1,200 mm -2 . Finally, when the precursor amount reached 1 mg, we found that the center of the substrate was completely contaminated from a much higher nucleation density that resulted from the smaller MoS2 particles that were less than 1 μm because of the large supply of precursor and the high reactant accumulation. It is worth noting that the average coverage and the nucleation density increase with the amount of MoO3, however, the size of the crystal is the largest at an amount of 0.01 mg. From these results, it is proposed that there are two distinct dominant growth regimes with a transition point around 0.01 mg. For an extremely low precursor concentration, the low supersaturation leads to a relatively low nucleation rate, which guarantees that thermodynamically stable reactions occur dominantly during the growth. [33, 51] In a thermodynamically favored process, reactive atoms have enough time to diffuses to energetically favorable locations, leading to the formation of a stable and high-crystalline structure, which is known to be a triangular shape in our case. It was confirmed that the shape of all the crystals grown below a precursor amount of 0.01 mg was almost right-triangular due to the thermodynamically stable condition being satisfied. On the other hand, a large amount of precursor above 0.01 mg causes a higher supersaturation level and a much faster nucleation process, resulting in reaction instability. As a result, the crystal growth process is dominated mainly by a kinetic-controlled reaction process rather than a thermodynamically stable process. [33, 51] In the kinetic-controlled regime, it is not easy for Mo and S atoms to diffuse to the energetically favorable sites because of the high reaction rate.
Therefore, the size of the crystals became very small in this regime. In addition, the shape of the grown crystals was less triangular in shape, and instead truncated triangles or round-shaped domains were formed. These findings suggest that large-scale and highly crystalline TMDC monolayers can be achieved under the thermodynamic-controlled regime by balancing the nucleation and growth rates during the synthesis process.
Our proposed strategy to control the nucleation density for large single crystals and promote crystal growth under a thermodynamically stable condition can be generalized to other TMDC monolayers such as WS2 ( Figure S6 ). As a result, this can facilitate the fabrication of not only homogeneous device arrays but also robust heterostructure devices by virtue of the large-sized crystals. A few studies have been reported on p-n junction photodetectors that focused on improving the slow response time of two-dimensional monolayer photodetectors. [52] [53] [54] [55] [56] However, in each case, they have all sacrificed the high photosensitivity of the TMDC monolayer and showed a very low photoresponsivity much less than that of Si-based Interestingly, the out-of-plane A1g peak of WS2 on the overlapped layers became noticeably stronger than that on the monolayer and blue-shifted for 1.7 cm -1 due to the stiffness of the vibration mode by increasing the number of layers. [57] On the other hand, the intensity of each PL peak became remarkably weak on the heterostructure (Figure 4d ). The PL intensity reduction can be attributed to the transition towards an indirect band gap due to an increase in the thickness, similar to that found in single TMDC layers, or the efficient exciton dissociation at the junction because of the built-in potential of the type II heterostructure. [58] [59] [60] Figure 4e,f shows that the I-V curves of the MoS2/WS2 heterostructure device exhibit rectifying behavior due to the type II junction. The on/off ratio could be controlled by a gate voltage and reached up to around 500 at a gate voltage of -10 V. However, the channel was thoroughly depleted under -30 V. When the heterojunction forms a type-II junction, some electrons are transferred from WS2 to MoS2 (Figure 4g ). Unlike p-n junctions, the transfer of holes occurs relatively less as both monolayers have n-type semiconducting properties. The transferred electrons leave behind an electron depletion region in WS2, and develop an electron accumulation region in MoS2, resulting in the formation of a built-in potential between the junction (Figure 4h ). When a positive bias is applied, both the electron depletion region and the electron accumulation region decrease and the built-in potential across the junction region also decreases, making it much easier for electrons to pass the junction. On the contrary, the builtin potential increases and much less electrons can then overcome the barrier under a negative bias. Figure 4i shows the photoresponse of our device at forward bias (VDS = 3 V) in time domain with blue laser light (λ = 450 nm). The photoresponsivity (R) of the device at forward bias, estimated by the equation R = Iph/P, where Iph is the photocurrent and P is the absorbed laser power, was found to be significantly high at ~178 A/W even at zero gate bias. However, the response time was extremely slow at τrise = 30 s, which is the phenomena commonly observed in single MoS2 monolayer photodetectors. [5, 61] It is known that the photoresponse dynamics of 2D materials are significantly affected by the surroundings such as underlying substrates and gas molecules from the environment. [5, 62] These surrounding factors induce trap states in the monolayer, which cause a slow response time in single TMDC monolayer photodetectors ( Figure S7 ), yet at the same time contribute to a large photogain due to the prolonged recombination time. [61] As the small potential barrier in our device almost vanishes at forward bias, the carriers released from the trap sites by incident photons can flow through the channel even after the incident light is turned off. Therefore, our device at forward bias operates similarly to single TMDC monolayer photodetectors with a long response time.
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A different trend was observed in the photoresponse at reverse bias as shown in Figure 4j . The photoresponse became much faster with a rise time of 45 ms (Figure 4k ). Even though the photoresponsivity decreased to ~40 AW -1 , it is still much higher than that of the p-n junction photodiodes based upon TMDC monolayers. [52] [53] [54] [55] [56] The photogain (G), the ratio of collected electrons to photon absorbed per second, can be calculated to be higher than 18, even when assuming that the absorption rate of the photons is 100%. The high photoresponsivity is thought to originate from the high photogain. A photogain greater than unity is not usually observed in p-n junction type photodetectors because the minority carrier transport dominates the device, which makes carrier lifetime short. The results from our devices at reverse bias show that the n-n TMDC monolayer heterostructure photodetectors can significantly improve the response time, while maintaining the photoresponsivity at a considerably high level; this is because the operation of our device is based upon the majority carrier transport in the n-n heterojunction where the carrier lifetime is relative long compared to that of a conventional p-n junction.
In conclusion, large-scale and highly-crystalline MoS2 monolayer films have been directly synthesized on a SiO2 substrate using solution-processed precursor deposition. The relatively small amount of metal oxide precursor creates a low supersaturation level, and thus reduces nucleation density, which in turn facilitates the growth of large-sized and highly-crystalline crystals under a thermodynamically stable reaction condition. This strategy can be easily applied to other TMDC monolayers such as WS2, and makes it possible to fabricate robust TMDC heterostructure devices due to large sized crystals. Specifically, the unipolar n-n MoS2/WS2 heterojunction device exhibits an improved response time, which is one of the drawbacks when using TMDC monolayer photodetectors, without losing the high photoresponsivity of the TMDC monolayer due to majority carrier transport. The current findings are of significant importance in the utilization of TMDC monolayers for future electronic and optoelectronic devices.
Experimental Section
Preparation of MoO3 film: MoO3 powder (200 mg, Sigma Aldrich) was added to NH4OH (10 ml) in a small vial to produce a 20 mg/ml concentration of MoO3 solution. The solution was sonicated and stirred for more than 10 min so as to dissolve the powder completely. A MoO3 film was spincoated with a drop of solution at 3000 rpm for 1 min on a SiO2 substrate that was treated with oxygen plasma for 10 min. The deposited MoO3 film was then annealed at 300°C for 10 min before the growth in order to remove the solvent completely. The deposited amount of MoO3 was around 0.01 mg as explained in the manuscript and Supporting Information. When comparing the effect of the precursor amount in Figure 3 , the MoO3 films were deposited by just dropping 10 μg of a specific concentration of MoO3 solution ranging from 0.1 to 100 mg/ml, instead of using spincoating, in order to control the deposited amount precisely. 
CVD growth of MoS2 monolayer:
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